Laser conduction welding was used to directly join DH36 steel to AA5083 aluminium alloy in a T joint configuration, each plate with 6 mm of thickness. The effect of the process energy (via power density and interaction time) on the joint integrity and quality in terms of cracking, porosity and intermetallic compound layer formation was investigated. Successful T joints were produced by melting of the aluminium plate, which was inserted into a 4 mm deep groove machined on the steel plate, with the heat generated by the laser irradiation on the steel surface. The IMC layer thickness was less than 5 μm. Although cracking was observed along the IMC layer with higher levels of energies, the joints were still strong due to the mechanical inter-locking effect resulting from the novel design of the component, whereby the IMCs were subjected to compressive state of stress while loading.
Introduction
The research in dissimilar metal joining of steel to aluminium is mainly focused on thin gauge materials for applications in automotive industry. Applications requiring joining of 6 mm thick plates of steel and aluminium, for instance shipbuilding, such research is quite limited. The current solution to permanently join thick sections of steel and aluminium is to use a transition bar, proprietary name Triclad ® bar. The half steel and half aluminium Triclad ® bar is produced by explosion bonding. Pl (1989) explain how the transition bar is produced and how it can be used. This bar permits joining of steel substrate to the steel side and similarly the aluminium substrate to the aluminium side by fusion welding the component. Even though this design solution overcomes the loss in strength by avoiding formation of intermetallic compounds (IMCs), there are a few disadvantages. The application of the transition joint is not cost effective, as it increases the cost of production via the cost of the bar and more complicated logistics of operation from the additional supply chain of this bar. In addition, four fillet welds are necessary when a transition joint is used, instead of two, if steel and aluminium were joined directly. Moreover, there are also issues in joining longitudinally the Triclad ® bars such as misalignments and distortion and the growth of IMCs within the transition joint. Tricarico et al. (2009) and Tricarico and Spina (2010) investigated the effect of the heat produced during the joining process on the IMC layer growth. (Tricarico et al. (2009) used different heat treatments to simulate laser welding whereas Tricarico and Spina (2010) laser welded the transition bars. Both concluded that the heat of the process enhances the growth of the IMCs. Thomas et al. (2006) explains that stir-lock is an alternative technique to join dissimilar metals with thick sections. Countersunk holes are machined in the harder material (transition joint) and the softer material is deformed to fill the countersunk holes by friction stir welding, creating a mechanical interlock which gives strength to the joint. The authors claimed to have achieved promising results.
Many studies have been carried out to understand and avoid the formation of IMCs in dissimilar alloys, in particular steel to aluminium. These compounds result from lack of solid solubility between the participating dissimilar alloys. The brittle behaviour of the IMCs is known to be the main reason for the poor mechanical strength of dissimilar metal joints. To minimize the formation and growth of the IMCs, which is a diffusion controlled process, the energy of the joining process must be controlled to minimize the mixing of the metals and reduce the thermal cycle. The solid state joining processes (e.g. explosion bonding and friction stir welding (FSW)) avoid high temperatures and avoid fully molten material so IMCs do not form. However, some of the limitations of the solid state joining processes are the lack of flexibility in terms of joint geometry, material thickness (usually only applied in thin sections) and tool wear as observed in FSW. The fusion based joining processes (e.g. resistance spot welding and laser-MIG (Metal Inert Gas) hybrid welding) cause melting of at least one of the metals and therefore, the temperatures involved in the process are much higher, and in most of the cases in fusion welding, the overall thermal cycle is much larger.
There are a few exceptions where fusion based joining processes were successfully used to join steel to aluminium. By controlling the relative position of the heat source in relation to the joint interface and adding filler metal it is possible to avoid melting of the substrate, minimize the reaction between the Fe and Al and create less IMCs. Successful lap-welded joints of 1.2 mm thick hot-dip aluminized (Alcoated) steel to 1.0 mm thick AA5052 aluminium alloy were produced using this technique and a variant of GMAW process, called cold metal transfer (CMT). Kang and Kim (2015) produced joints using magnesium based filler wire and found that the joint strength was equal to that of the heat-affected zone of the aluminium substrate. Meco et al. (2014) tried to minimize the reaction between Fe and Al by joining steel to aluminium in a lap joint configuration with 2 mm thick steel positioned on the top of 6 mm thick aluminium. Laser conduction welding was used and the process energy was controlled to allow the heat to flow downwards towards the aluminium, without melting the entire thickness of the steel. In this study the Fe-Al IMC layer thickness and the bonding area were correlated to the mechanical strength of the joints for different laser welding conditions. The IMC layer thickness was in the range of 4 and 29 μm and the maximum tensile shear load of the lap joints was over 500 N.mm −1 . In this work the aim is to investigate direct joining of steel to aluminium in a T joint configuration to avoid the use of transition joining systems. A similar welding technique to that used by Meco et al. (2014) and an innovative joint design were applied to the present work. The effect of the process energy, via power density and interaction time, on the joint integrity and quality in terms of cracking, porosity and IMC layer formation was investigated.
Experimental procedure

Material
Low-carbon steel (grade DH36) and AA5083-H22 aluminium alloy plates with 6 mm thickness were used. Both materials are normally used as structural alloys in shipbuilding. The chemical composition and mechanical properties of the materials are given in Tables 1 and 2 respectively. The plate dimensions were 250 mm long and 200 mm wide.
Before welding the steel plates were ground to remove the coating protection and degreased with acetone, whereas the aluminium plates were ground to remove the oxide layer (alumina) and cleaned with ethanol.
A milling machine was used to produce a 6.2 mm wide and 4.0 mm deep groove at the centre of each steel plate, into which the aluminium plate was inserted. A tolerance of 200 μm was chosen for the groove width to allow close tolerance between the plate and the groove and also to consider any variation in plate thickness.
Laser welding of T joints between steel and aluminium
Laser conduction welding of steel to aluminium in a lap joint configuration was previously studied by Meco et al. (2014) and Pardal et al. (2014) , the former used seam welds to join the metals and the latter spot welds. In both studies successful results were achieved. The welding parameters were chosen so that the steel remained solid at the joint interface and only the aluminium was melted during the process, as represented in Fig. 1 . In this work an identical joining principle was applied to the T joint configuration (Fig. 1) .
To transfer the process developed in a lap joint configuration to the new T joint configuration, it was necessary to take into consideration the joint design. The T joint design should allow the weld to be done with the laser irradiated on a 2 mm thick steel surface in conduction mode, allowing the heat to diffuse through the steel, to melt the aluminium and wet the steel surface. Moreover, the brittle IMC layer formed at the interface of a T joint should not affect the integrity of the joint if the structural stress experienced by the joint on loading is not wholly tensile. Tsumarev et al. (2014) investigated the distribution of the magnitude and type of stresses developed during tensile testing in different joint designs of brazed T joints. The authors showed that the maximum stresses on the brazed joint were 48% lower when the vertical plate was inserted in a rectangular groove machined in the horizontal plate than when a standard T joint was used.
A clamping system, shown in Fig. 2 , was also designed and built to permit the laser to irradiate the top of the steel plate and produce a seam weld along the plate between the steel and the aluminium. The bolts were tightened with a torque wrench along the top plate to ensure constant pressure along the joint and virtually zero gap between the steel and the aluminium plates which was important for an effective heat transfer from the steel to the aluminium plate. As previously, no shielding gas nor welding flux were used. The welding flux would create a thermal barrier between the steel and the aluminium plates which could be detrimental to the joining process.
An IPG continuous wave fibre laser with 8000 W of maximum power was used in this work. All the tests were carried out with constant and defocused laser beam of 13 mm diameter and Gaussian intensity distribution (TEM 00 ). The intensity distribution, spot size and divergence of the laser beam were measured using a Primes GmbH focus monitor system. The welding parameters chosen to form the T joints were based on the work from Meco et al. 2017 , with identical specific point energy but higher power density. Meco et al. (2017) found that to achieve optimum joint strength a balance between IMC layer thickness and bonding area is required. A process model was developed which predicted the thermal cycles experienced by the joint and substrate alloys under different laser processing conditions. The model showed that the laser power density is the main factor which determines the peak temperature, as compared to the interaction time. It was also observed that, although a higher peak temperature would lead to formation of thicker IMC layer, it also results into a larger bonding area, which enhances mechanical strength of the joint. . The fundamental laser material interaction parameters (FLMIP), including power density (Eq. (1)), interaction time (Eq. (2)) and specific point energy (Eq. (3)) were used in this work. The FLMIP were previously investigated by Suder and Williams (2012) and Williams and Suder (2011) in autogenous laser welding of similar materials. However, using this approach, these parameters were shown to be effective in controlling the IMC layer thickness and therefore, the joint strength. (1)
Where P is laser power, TS is travel speed, D beam and A beam is laser spot diameter and area, respectively. The welding parameters used in this study are given in Table 3 One sample was produced per experimental condition.
Metallurgical characterization
For macrostructure and microstructure observations of the joint, two samples were taken across the 230 mm long weld seam (Fig. 3) .
The samples were ground and polished according to standard procedure for optical metallographic analysis. Micrographs of the cross-section were taken with the lowest magnification of the optical microscope (25x) to investigate major defects on the weld, such as porosity or cracking. Microsoft ICE (Image Composite Editor) software was afterwards used to compose the whole macrograph of the T joint (see Fig. 4 ).
For microstructure analysis nine micrographs were taken across the joint using an optical microscope (400×).
Results and discussion
The results presented in this section refer to the cross-sections of the T joints.
Macrostructural analysis -weld aspects
Laser conduction welding of steel to aluminium has successfully been transferred from the lap joint configuration to the T joint configuration (see Fig. 5 ). The weld seams along the joints were uniform, no defects were observed and no gaps between the steel and the aluminium were visible. The groove machined on the steel plate seemed to favour the Fe-Al joint strength. A small distortion of the steel plate was observed in all samples after welding causing a beneficial mechanical inter-lock of the aluminium plate. This effect was found to be advantageous to the integrity of the joint since it enhances contact area between the two plates which leads to improved wettability and joint strength.
The macrographs of the different positions of the welded cross sections are shown in Table 4 . No porosity was observed in any of the welded specimens. It was also observed that there was more melting at the aluminium plate edge when the specific point energy was higher, either through increasing the power density or the interaction time. For instance, when the joint was produced with E sp = 7.8 kJ the edge of the aluminium was completely flat. On the contrary, with higher levels of energy the edge of the aluminium plate became curved and the curvature increased with the applied energy. This indicates a more effective wetting of the groove by the molten aluminium which suggests a stronger bonding. However, joints produced with higher level of energy were more susceptible to cracking at the Fe-Al interface. To minimize the differential state of stress at the Fe-Al interface from the unequal expansion and contraction of the metals, and simultaneously minimize the formation of the IMC and avoiding cracking along the joint interface, processing with lower heat input is recommended. There was one particular case, corresponding to the joint welded with the minimum energy (E sp = 7.8 kJ), which showed good bonding between the steel and the aluminium (see Fig. 6 ). At the edge of the aluminium plate where the bonding occurred, there was no cracking (this is observed in Fig. 6 micrograph 3-C) . This indicates a sound bonding between the two alloys. The mechanical inter-locking is clear in micrographs 1-L and 1-R of the same figure. A schematic representation of the mechanical inter-lock occurred during the welding process is shown in Fig. 7 . The corners of the groove (micrographs 3-L and 3-R) were filled with molten aluminium but there were still small gaps on the sides which require further improvement. A new design of the groove would be recommended to improve the flow of the molten aluminium and thus, improve the bonding between both metals. Lack of fusion/wetting was also observed on the sides of the groove (micrographs 2-L and 2-R in Fig. 6 ). The small gap between the side of the groove and the aluminium plate forced the molten aluminium to flow upwards by capillarity (micrograph 2-L in Fig. 6 ). Rapid cooling of the molten aluminium happened when the molten metal touched the colder surface.
Microstructural analysis -IMC layer
Similar to what was previously observed by Meco et al. (2015) in laser welding with the plates in lap joint configuration and steel positioned on the top, in the T joint configuration a continuous layer of IMCs was also formed (Fig. 8a) . The morphology of the IMC layer is similar to that of the lap joints. The needle shape IMCs are FeAl 3 with 62% Al and the thick tongue shape IMCs are Fe 2 Al 5 with 56% Al (Fig. 8b and c) . In both joint configurations the energy of the process was controlled to produce partial melting of the steel, away from the Fe-Al interface, and simultaneously melting of the aluminium. Under this condition the reaction between Fe and Al was restricted and the formation of the IMC was minimized. Table 5 shows the micrographs of the IMC layer formed with different levels of applied specific point energy at the Fe-Al interface near to the centre of the weld where the IMC layer has maximum thickness (position 3-C identified in Fig. 6 ).
The micrographs show that the IMC layer thickness grows as the specific point energy increases, either via power density or interaction time. Similar behaviour was observed by Meco et al. (2015) in laser conduction welding of steel to aluminium in lap joint configuration, where the growth of this layer was studied with the variation of power density, interaction time and specific point energy.
The micrographs in Table 6 permit the comparison of the IMC layers formed in the T joint and lap joint configurations for similar welding (Meco et al., 2015) .
Table 5
Micrographs of the Fe-Al T joints welded with different welding parameters. Micrographs taken at position 3-C which corresponds to the centre of the Fe-Al interface. conditions. Even though the IMC layer thickness was not measured in all the T joint samples, due to the crack developed along the IMC layer, it seems that the IMC layer growth follows a similar trend to that found in the lap joints. For both joint configurations, the thickness of the IMC layer of the samples welded with the minimum energy was less than 5 μm. For higher value of energy, the IMC layer is thicker and shows the Fe 2 Al 5 layer near the steel (with uniform thickness) and the irregular and needle shape FeAl 3 on the aluminium side as described by Cheng and Wang (2009) in their study about growth of IMC layer in the aluminide mild steel during hot-dipping. However, the FeAl 3 formed in the T joint configuration was more irregular than that observed in the lap joint. This may be due to different cooling rates existent in both joint configurations. In lap joint configuration the contact length between the steel and the aluminium plates is larger than that in the T joint configuration, 46 mm against 6 mm, respectively. Therefore, it is expected that the thermal cycle is more prolonged in the T joint configuration which allows the FeAl 3 phase to grow more. The micrographs show cracks along the IMC layer only on the T joints. A dissimilar T joint would undergo a tensile-compressive state of stress originating from the differential thermal expansion and contraction under constraint at the joint interface, between the steel and aluminium inside the groove, to which the brittle Fe-Al IMCs failed due to the lack of toughness.
Conclusions
• It was possible to transfer the technique of laser welding from lap joint to T joint configuration and still have the solid-liquid joint interface required to form a thin Fe-Al intermetallic compound layer;
• The intermetallic compound layer thickness found on the T joints was similar to that of the lap joints but with more cracking due to tensile-compressive state of stress at the joint interface;
• The new design of the T joint creates a mechanical inter-lock between the steel and the aluminium plates;
• Defect free T joints were produced with minimum power density (37.7 MW.m −2 ) and interaction time (1.56 s). In this case the intermetallic compound layer thickness was less than 5 μm;
• Further investigation of the groove geometry is recommended in order to improve the wetting of molten aluminium on steel inside the groove and reduce cracking;
• This technique seems to be a feasible alternative to the Triclad ® transition joint. However, mechanical tests should be done to quantify the strength of the laser welded T joints.
Table 6
Comparison between the IMC layer formed in the lap joint (Meco et al. (2015) ) and T joint configuration with similar welding conditions. E sp = 13.0 kJ
